Abstract-A compact sensing structure using two distinct optical devices, a microfiber knot resonator and an abrupt taper-based Mach-Zehnder interferometer (MZI), is presented. The device was fabricated using only CO 2 laser processing. The transmission spectrum presents two different components with different sensitivities to different physical and chemical parameters. The sensor was characterized in temperature and refractive index. For temperature sensing in water, the MZI component presents a sensitivity of −196 ± 2 pm/°C while the microfiber knot resonator (MKR) component shows a sensitivity of 25.1 ± 0.9 pm/°C, for water temperature variations of 12°C. Sensitivities of 1354 ± 14 nm/RIU and −43 ± 4 nm/RIU were achieved for refractive index sensing for the MZI and the MKR components, respectively, in a refractive index range from 1.32823 to 1.33001. The matrix method was used for the simultaneous measurement of temperature and refractive index.
I. INTRODUCTION

M
ICROFIBER knot resonators (MKR) have been widely studied as sensing elements in the past few years. This type of device had a significant impact in the field of sensing and also in other fields, such as ultrafast optics. The taper in the knotted zone allows the evanescent field of light to couple between the adjacent sections of the taper creating a resonance [1] . Monitoring the sensor resonance, a wide variety of parameters were able to be measured, such as temperature [2] - [4] , concentration of sodium chloride and refractive index (RI) [5] - [7] , among others. For refractive index sensing, a simple MKR in a Sagnac loop reflector was reported [5] with a sensitivity of 30.49 nm/RIU in a range from 1.334-1.348. For the same purpose, a Teflon-coated MKR was demonstrated with a sensitivity of 30.5 nm/RIU in a range from 1.3322 to 1.3412. High sensitivity can be achieved by using different configurations, such as cascaded MKRs presented by Xu et al. [7] . This device achieved a sensitivity of 6523 nm/RIU in a refractive index range from 1.3320 to also demonstrated to be good candidates for refractive index sensing, such as microspheres and microbubbles [8] , [9] .
The Mach-Zehnder interferometer (MZI) technique is mainly used for measuring the refractive index of a medium due to the induced phase shift of the guided light created by the analyzed medium [10] . However, year after year new configurations were developed increasing, therefore, the scope of this sensor. Different optical fiber MZI configurations have been reported for refractive index [11] - [13] and temperature sensing. For refractive index, a simple biconical fiber taper [11] can achieve sensitivities of around 705 nm/RIU in a range of 1.333 to 1.350. Higher sensitivities can be obtained by creating a taper-based MZI in a thinned optical fiber [12] . Such sensor can achieve a maximum sensitivity of 2210.84 nm/RIU between 1.3997 and 1.4096. Different configurations, such as an MZI based on a large knot fiber resonator can also be used for refractive index sensing [13] , presenting a sensitivity of 642 nm/RIU in a wide range of refractive indices (1.3735 to 1.428).
Recently, several configurations using MZIs have been demonstrated for simultaneous measurement of temperature and refractive index [14] - [18] . In the last year, a microfiber MZI with a knot resonator was presented for the same purpose [19] , [20] .
In this Letter, a different approach is presented for simultaneous measurement of temperature and refractive index using the combination of two different optical structures: a microfiber knot resonator integrated in a Mach-Zehnder interferometer based on an abrupt fiber taper. This compact sensor is fabricated using the same technology -CO 2 laser processing. Figure 1 presents a schematic of the sensor. A microfiber knot resonator with a diameter of around 680 μm was created using a 50 mm-long abrupt fiber taper. A CO 2 laser system 1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
II. EXPERIMENTAL SETUP AND RESULTS
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. was used to produce the abrupt taper with a waist diameter of 8.6 μm. The abrupt transition regions are 900 μm-long, allowing the excitation of modes with different effective refractive indices in the beginning of the taper, which will then recouple in the knot region due to the inherent curvature of the structure, creating an MZI.
The sensor was connected between a broadband optical source and an optical spectrum analyzer (OSA). The optical source had a central wavelength of 1550 nm and a bandwidth of 100 nm. Transmission measurements were performed with a resolution of 0.04 nm. Figure 2 shows transmission spectrum of the sensor immersed in water at 44°C. The transmission spectrum is the combination of the MZI with the MKR response. Since the MKR resonant frequency is higher than the MZI interference pattern, an FFT lowpass filter can easily remove the MKR resonance allowing to measure the MZI component.
The MZI is caused by the effective refractive index difference between the different modes excited by the abrupt taper, mainly the fundamental and the second order mode. The effective refractive indices of the first modes (LP 01 and LP 02 ) were calculated using COMSOL Multiphysics. The external medium refractive index used for the simulations was 1.32917 (water at 44°C) and the fiber refractive index was 1.444 (refractive index of silica). The simulated refractive indices for the first 2 modes of higher power were 1.4385 and 1.4149, respectively. The mode profiles are depicted in Figure 3 . The MZI physical length is given by:
where λ 1 and λ 2 are the wavelengths of two consecutive interference peaks, n is the effective refractive index difference between the first 2 modes, and FSR is the free spectral range. From the filtered MZI component in Figure 2 , the first interference peaks are located at 1528.86 nm and 1538.48 nm, which corresponds to a free spectral range of 9.62 nm. Hence, using (1) the physical length of the MZI is 10.4 mm, which matches the distance between the beginning of the taper and the knot region (the knot is not centered in the middle of the taper). For the MKR, considering the two consecutive resonant wavelengths 1530.12 nm and 1530.90 nm, one can calculate the knot diameter from the expression:
Adopting the simulated effective refractive index for the fundamental mode, the calculated knot diameter is 664 μm. The MKR response occurs for both modes and they present similar FSR and peak positions. However, LP 01 is dominant and the resonance caused by LP 02 has lower visibility. Its presence is still visible in Figure 2 , near 1540 nm.
Temperature measurements were performed by immersing the sensor in water while progressively decreasing the temperature from 50°C to 38°C. Figure 4 (a) presents the transmission spectra at two different temperatures. The MZI peak red shifts with the decrease of temperature [ Fig. 4(a) ] while the MKR peak blue shifts, as observed in Figure 4(b) .
In terms of refractive index, a temperature-RI conversion scale was used based on the RI dependence of water with temperature, constant pressure, and wavelength [21] . The conversion of water temperature in degrees Celsius to RI is given by:
From these values the sensor response to refractive index variations was obtained. Figure 5 (a) presents the transmission spectra of the sensor under two different refractive indices. In this case, the MZI peak blue shifts with the decrease of the external refractive index while the MKR peak red shifts, as seen in Figure 5(b) .
The wavelength shift as a function of the temperature variation in water for both components, the MZI and the MKR, is depicted in the inner plot of Figure 6 (a). The MZI interference peak around 1530 nm and the resonance peak around 1531.7 nm were used for the sensor characterization. In water, temperature sensitivities of −196 ± 2 pm/°C and 25.1 ± 0.9 pm/°C were obtained for the MZI and the MKR, respectively. Such values correspond to the effect of temperature variation but also to the effect of water refractive index variation due to thermo-optic effects. In order to obtain a correct response of the sensor to water refractive index variations, one need to remove the temperature behavior in air [22] . The temperature sensitivity of the structure in air is 10.2 pm/°C and 20.6 pm/°C, respectively for the MZI and MKR. Removing this component the sensor response due to refractive index variations is obtained, whose result is depicted in Figure 6(a) . The temperature values need to be converted to the correspondent refractive indices values using equation 3. Applying this, the wavelength shift as a function of the water refractive index variation for both components is shown in Figure 6 (b). The obtained refractive index sensitivity was 1354 ± 14 nm/RIU for the MZI and −43 ± 4 nm/RIU for the MKR. The refractive index ranged from 1.32823 to 1.33001.
The difference in the sensitivity coefficients allows the possibility of using the sensor for simultaneous measurement of temperature and refractive index. The matrix of relation between refractive index and temperature variations, and wavelength shifts can be obtained using the sensitivities of each component to the measured parameters [23] . With this, the matrix expression for refractive index and temperature variations as a function of the sensitivities and wavelength shifts is:
where
is the determinant of the relationship matrix, being k in and k iT the sensitivities to refractive index and temperature. Using the previously calculated sensitivities, the matrix can be expressed as:
where λ M Z I and λ M K R are in nanometers and the obtained refractive index and temperature variations are in refractive index units and degrees Celsius, respectively.
III. CONCLUSION
In summary, a new compact sensing structure using two distinct optical devices, a microfiber knot resonator and an abrupt taper-based Mach-Zehnder interferometer, was fabricated using only CO 2 laser processing. The sensor presents two different spectral components that respond differently to each measured parameter. A characterization in temperature and refractive index was performed. In terms of temperature, the MZI component presents a sensitivity of −196 ± 2 pm/°C while the MKR component shows a sensitivity of 25.1 ± 0.9 pm/°C, for water temperature variations of 12°C. A temperature sensitivity in air of 10.2 pm/°C and 20.6 pm/°C were obtained for the MZI and the MKR, respectively. The sensor response to water refractive index variation was achieved by removing the temperature response of the structure in air to the temperature response in water [22] . Sensitivities of 1354 ± 14 nm/RIU and −43 ± 4 nm/RIU were achieved for refractive index sensing for the MZI and the MKR components, respectively, in a water refractive index range from 1.32823 to 1.33001. The device can be used for simultaneous measurement of temperature and refractive index using the relationship matrix between the different measured parameters. The proposed sensor is more compact and stable than similar reported structures [19] , [20] , since the MZI relies on a single taper structure and not on a second fiber tip connected through Van der Waals forces. Structures like [19] and [20] which use coupling between two microfibers can be very fragile and unstable.
